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ABSTRACT

The simulation of heavy element nucleosynthesis requires input from yet-to-be-measured nuclear

properties. The uncertainty in the values of these off-stability nuclear properties propagates to uncer-

tainties in the predictions of elemental and isotopic abundances. However, for any given astrophysical

explosion, there are many different trajectories, i.e. temperature and density histories, experienced by

outflowing material and thus different nuclear properties can come into play. We consider combined

nucleosynthesis results from 460,000 trajectories from a neutron star-black hole accretion disk and

the find spread in elemental predictions due solely to unknown nuclear properties to be a factor of a

few. We analyze this relative spread in model predictions due to nuclear variations and conclude that

the uncertainties can be attributed to a combination of properties in a given region of the abundance

pattern. We calculate a cross-correlation between mass changes and abundance changes to show how

variations among the properties of participating nuclei may be explored. Our results provide further

impetus for measurements of multiple quantities on individual short-lived neutron-rich isotopes at

modern experimental facilities.

Keywords: Nucleosynthesis (1131), R-process (1324), Nuclear astrophysics (1129), Nuclear fission
(2323), Nuclear decay (2227), Compact objects (288)

1. INTRODUCTION

Nuclear properties of neutron-rich nuclei form the

basis for the inputs into simulations of rapid neutron

capture (r process) nucleosynthesis (Mart́ınez-Pinedo &

Langanke 2023). To first order, important properties in-

clude ground-state masses, decay half-lives and branch-

ing ratios, as well as reaction rates for various channels

such as neutron capture (Mumpower et al. 2016b).

Masses are often cited as the primary source of un-

certainty, as they influence all other properties (Clark
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et al. 2023). In the r process, mass differences control

the matter flow in equilibrium via their appearance in

the exponent of the Saha equation. Past studies are in

consensus that masses known to a high degree of preci-

sion (generally 100 keV or better) are required to accu-

rately predict r-process abundances (Aprahamian et al.

2014; Martin et al. 2016; Vilen et al. 2020; Tang et al.

2020; Jiang et al. 2021; Li et al. 2022; Orford et al. 2022;

Vassh et al. 2022).

Nuclear β-decay rates are another crucial input for

simulations of the r-process. Initially, β-decay rates con-

trol the timescale for heavy element production at high

temperature and densities when matter is in equilibrium

(Panov et al. 2016; Panov 2023). During the late stages
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of the r-process (after about one second; once the ma-

jority of free neutrons have been consumed), material

converges towards more stable nuclei also primarily via

β-decay (Sprouse et al. 2021).

In nucleosynthesis, neutron capture rates produce

more unstable nuclei along an isotopic chain. These

rates are also used to calculate the inverse reaction, pho-

todissociation, via detailed balance (Kajino et al. 2019).

For the r process, capture rates become influential once

equilibrium between these two channels breaks, typically

between T9 ∼ 1− 4 GK (Meyer 1994).

Masses, decay rates, and neutron capture rates not

only influence astrophysical abundances, but can con-

tribute to other quantities as well. The prediction of

kilonova signals from the radioactive decay of freshly

synthesized r-process material are greatly modified de-

pending on the choice of nuclear model used (Zhu et al.

2021; Barnes et al. 2021). Nuclear β-decay rates have

been found to govern nuclear energy generation, light

curves, and nuclear cosmochronometry (Lund et al.

2023).

These core properties of neutron-rich species also con-

trol the extent of r process nucleosynthesis and conse-

quently alter the production of the heaviest elements in

nature (Vassh et al. 2020b,a; Holmbeck et al. 2023b,a).

Under such extreme astrophysical conditions additional

channels associated with the destruction of the heav-

iest nuclei may become important (Mart́ınez-Pinedo

et al. 2007), including neutron induced fission (Panov &

Thielemann 2003; Panov et al. 2010), β-delayed fission

(Mumpower et al. 2018; Minato et al. 2021; Mumpower

et al. 2022) and spontaneous fission (Giuliani et al. 2018,

2020; Hao et al. 2022).

In this work, we explore nuclear uncertainties which

hold leverage over state-of-the-art simulations of nucle-

osynthesis in an accretion disk. This system is thought

to form after the merger of two neutron stars. We study

variation in predicted masses, half-lives and neutron

capture rates and show that the uncertainties in these

models persist through to the final abundance pattern

which involves the summation of over 460,000 astrophys-

ical trajectories. We show that in some regions of the

abundance pattern, variations in β-decay rates and neu-

tron capture rates can have as much of an influences as

masses alone.

2. METHODS

We perform simulations of r-process nucleosynthesis

with the PRISM reaction network code (Sprouse et al.

2021). The details of our hydrodynamic and nucleosyn-

thesis simulations are provided in the work of Sprouse

et al. (2024). Here, we use over 460,000 trajectories

from the 1.2 second long simulation and explore varia-

tions in nuclear predictions of short-lived and unmea-

sured neutron-rich isotopes. A symmetric 50/50 split

for fragment distributions is used for computational ef-

ficiency as in Sprouse et al. (2024), which found that

this choice did not influence results.

For the study of different masses of neutron-rich nu-

clei, we use the FRDM2012 model (Möller et al. 2012;

Möller et al. 2016), the HFB32 model (Goriely et al.

2016), the KTUY model (Koura et al. 2005), and the

UNEDF1 model (Kortelainen et al. 2010). These mod-

els span the gamut of theoretical predictions from a

macroscopic-microscopic basis (FRDM2012 and KTUY)

to microscopic-based models (HFB32 and UNEDF1).

This selection is a small, yet illustrative sample of the

current spread in the predicted masses of short-lived nu-

clei.

In Figure 1 we plot the variation observed in mass

predictions along the rhenium isotopic chain (Z = 75).

The top panel shows the evolution of one neutron sep-

aration energies. The middle and bottom panels show

the standard deviation among the separation energies

and masses respectively. The spread in masses grows

near N ≳ 120, as indicated by the bottom panel. This

does not always translate into increasing variance in the

one neutron separation energies, as seen in the middle

panel. The largest discrepancy in this case stems from

the HFB32 model, and thus we anticipate larger abun-

dance deviations in this model as compared to the oth-

ers.

When masses are studied, the mass variations are

propagated to associated nuclear reactions and decays

as in Mumpower et al. (2015). With this method,

masses additionally change β-decay Q-values which im-

pacts half-lives and branching ratios as well as the initial

excitation energy used in neutron capture via the neu-

tron separation energy. This additional step provides

an auxiliary estimate of the mass change, which stems

from the strong influence masses have beyond the stan-

dard inclusion in the exponent of the Saha equation.

In the study of β-decay properties we use three pub-

licly available datasets: Möller et al. (2019) and Mar-

ketin et al. (2016) and Ney et al. (2020). The Möller

et al. (2019) model combines the β-decay strength

functions of Möller et al. (2003) with statistical de-

excitation for the description of neutron emission prob-

abilities from Mumpower et al. (2016a). The Marketin

et al. (2016) model is based on a microscopic prescrip-

tion where excited states are obtained within the proton-

neutron relativistic quasiparticle random phase approx-

imation (pn-RQRPA). Similarly the Ney et al. (2020)

model is microscopic in nature and uses the Finite-
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Figure 1. (Top) One neutron separation energies along the
rhenium isotopic chain (Z = 75); (Middle) variance in model
one neutron separation energies; (Bottom) variance in model
mass predictions. Evaluated data (AME2020) shown in black
(Wang et al. 2021).

Amplitude Method (FAM) to reduce the computational

cost of finding QRPA solutions. The largest difference

between the theoretical underpinnings of these models

stems from the weight given to first-forbidden transi-

tions. Marketin et al. finds that first-forbidden transi-

tions contribute a large fraction of the total decay rate,

especially beyond the N = 126 shell closure, which leads

to shorter lived nuclei. The Möller and Ney rates gener-

ally predict slower half-lives for a neutron-rich nucleus

as compared with Marketin (Lund et al. 2023).

When studying neutron-induced reactions, we use two

statistical Hauser-Feshbach codes: version 3 of CoH

(Kawano 2019) and version 1.96 of TALYS (Koning et al.

2005). These codes take as input, additional nuclear

models of nuclear level densities, γ-ray strength func-

tions, and data. In this regard we utilize four distinct

sets of models: CoH-A, CoH-B, TALYS-A, and TALYS-

B.

For nuclear levels, we use the RIPL-3 database

(Capote et al. 2009). When discrete levels are not avail-

able, as is the case with the bulk of r-process nuclei, a

nuclear level density model must be used. We use the

constant temperature model (Kawano et al. 2006) for

CoH, and TALYS-A models. For the TALYS-B model,

we use microscopic level densities based on the Gogny

effective interaction (Hilaire et al. 2001; Goriely et al.

2008).

The choice of γ-strength function affects the calcu-

lations of radiative neutron capture. In the CoH and

TALYS-A models we use a generalized Lorentzian for

the E1 γ-strength function (Kopecky & Uhl 1990). For

TALYS-B we use a γ-strength function that includes

an additional pygmy resonance (Goriely 1998). Neither

of these choices include ancillary low energy enhance-

ments attributed to magnetic transitions that have non-

negligible impact on r-process calculations (Larsen &

Goriely 2010; Mumpower et al. 2017). Finally, CoH-

A, and the other two TALYS models use the Koning-

Delaroche optical model (Koning & Delaroche 2003).

We also consider here for the first time the CoH-B

model that applies the Kunieda optical potential (Ku-

nieda et al. 2007).

It is important to recognize that all of the different

models have their own successes in the description of

particular physical phenomenon and omissions therein.

The lack of provided model uncertainties in each of these

cases leads to an inability to evaluate the reliability

and robustness of the construction of individual models.

Even if models were to provide associated uncertainties

(which would be much welcomed by the nuclear astro-

physics community), such models would only be provid-

ing statistical uncertainty associated with the inherent

variability in the fitting procedure to relevant measured

quantities. Systematic errors, arising from modeling im-

perfections, e.g. from the lack of incorporation of spe-

cific physics, are more difficult to assess. In this work,

we have chosen to use the variation among model pre-

dictions as a proxy for the underlying systematic errors

that arise in the properties short-lived neutron-rich nu-

clei that are influential to r-process abundances. The

deviations in abundances shown in the following section

therefore are only an estimate of the full uncertainty

originating from the aforementioned quantities.

3. RESULTS

We first simulate nucleosynthesis with differing nu-

clear masses. The abundance pattern of the mass

weighted average at 1 Gyr is shown in Figure 2 for the

460,000 trajectories. Slowly ejected viscous material in

the equatorial plane of the disk contributes the most to

the total outflow (Sprouse et al. 2024). This results in

a robust r-process where the two heavy-mass peaks, the

second peak at A ∼ 130 and the third peak at A = 195,

are fully produced. The bottom panel shows that the

production of lanthanides is at the same magnitude as

first peak (A ∼ 80) elements, which is low relative to

solar when considering the entire ejecta. The material

near the first peak is typically associated with a weak

r process (Wanajo & Ishimaru 2005; Bliss et al. 2017).
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Figure 2. Final weighted abundances at 1 Gyr using var-
ious mass predictions for the complete ejecta of the NS-BH
accretion disk studied in this work.

The lack of abundance for technetium (Tc; Z = 43) and

promethium (Pm; Z = 61) comes from the fact that

these two isotopic chains contain no stable isotopes. For

the same reason, elements between lead (Pb; Z = 82)

and thorium (Th; Z = 90) have no abundance at 1 Gyr.

All mass models predict an overall robust r process,

however, upon closer inspection, large differences can

be seen in given regions. In particular, it is instructive

to remember that Figure 2 is on a log scale. Thus dif-

ferences towards upper portion of the Y-axis are more

substantial in an absolute sense than the bottom.

The second peak contains some of the most popu-

lated nuclei in our simulations. This high abundance

region includes important nuclei like 140La and long-
lived 126Sn, as well as many known astromers or astro-

physically metastable nuclear isomers such as 128mSb

(Misch et al. 2021). The maximum deviation in sec-

ond peak height among the four nuclear models is found

to be a factor of 1.53 while the position of the second

peak is found to be uncertain by 4 units in mass num-

ber. Because this peak is so narrow, it is constructive

to also consider what model differences imply for the

production of isotopes on the edges of the peak region

like A = 129. In the case of the A = 129 mass chain,

the uncertainty in the production jumps to over a factor

of 3, which directly impacts the abundance of influential

isotopes like 129I that can be used to constrain r-process

sites (Côté et al. 2021).

The third r-process peak located at A = 195 arises

due to the N = 126 closed neutron shell. This closed

shell acts as the gateway to the actinides, as it is the last

known closed neutron shell that must be surmounted be-

fore the heaviest nuclei may be produced. The strength

of this shell closure is thus critical for how many ac-

tinides and transactinides may be produced in an r-

process event. In the N = 126 region, we find mass

values deviate even stronger than in the second peak re-

gion, resulting in large discrepancies between the abun-

dances. The location of the peak is spread across 7 mass

numbers, and the peak height varies by a factor of 2

given the different models applied here. In comparison

to the second peak region, this represents a larger range

in abundance patterns.

A consistent observation of the third peaks between

these models is that they are all overproduced relative

to the solar isotopic residuals. Supposing the astrophys-

ical conditions in this simulation mimic that of nature,

this may point to a nuclear physics reason. One pos-

sibility is that there is too strong of an N = 126 shell

closure predicted for modern nuclear models far from

measured isotopes. Figure 3 indicates the behavior of

these models along the N = 126 isotone by plotting a

double difference in two neutron separation energies for

neighboring nuclei; D2n = S2n(Z,N) − S2n(Z,N + 2)

(Brown 2022). When D2n becomes smaller, the shell

has weakened in strength, as is the case towards more

neutron-deficient nuclei above Z = 82 in the AME2020.

The models studied here do not show a continual down-

turn in D2n for Z < 82, implying strong shell closures

towards the dripline. A second trend to note in data

is that D2n is rather smoothly varying on either side of

the maximum occurring at Z = 82 where the both pro-

ton and neutron major shells are closed. Pronounced

oscillations in this quantity, as exhibited by the HFB

model, can cause outsized features in the abundances

— whereas overly smooth trends result in smooth abun-

dances, as is the case with UNEDF1; recall the A = 195

mass region in Figure 2.

A weakening of the N = 126 shell closure at low pro-

ton numbers would imply an increase to the production

of the heaviest elements in an r-process event, at least

at early times and for outflow conditions which synthe-

size nuclei near the drip line. This however may or may

not correlate with a final boost to actinide production.

The reason for a lack of correlation would be that fission

could efficiently map material back down to lower mass

(Beun et al. 2008). Increased heavy element production

beyond N = 126 would subsequently impact kilonova

light curves (Holmbeck et al. 2023a) and γ-ray signals

(Korobkin et al. 2020; Wang et al. 2020; Vassh et al.

2024).
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different models considered in this work.

80 100 120 140 160 180 200 220 240
Mass number, A

10 7

10 6

10 5

10 4

10 3

10 2

Ab
un

da
nc

e,
 Y

(A
)

Moller (2019) Marketin (2016) Ney (2020) Solar

20 30 40 50 60 70 80 90
Proton number, Z

10 6

10 5

10 4

10 3

10 2

Ab
un

da
nc

e,
 Y

(Z
)

Figure 4. Final weighted abundances at 1 Gyr using the
three β-decay predictions for the complete ejecta of the NS-
BH accretion disk studied in this work.

The variation in abundances with change of β-decay

models is shown in Figure 4. Here again we find an over-

all agreement of a robust r-process among the models.

The second peak is found to be spread 3 units in A and

vary in height by a factor of 2.75. The third peak shows

remarkable dependence on β-decay rates with the model

of Ney et al. exhibiting the largest variation. Despite

such drastic differences, all models point to an over pro-

duction of the third peak. The lead region, A ∼ 208, and

actinide production in the Marketin model manifests a
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Figure 5. Final weighted abundances at 1 Gyr using the
CoH and TALYS neutron reaction predictions for the com-
plete ejecta of the NS-BH accretion disk studied in this work.

smaller peak due to the faster β-decay rates predicted

beyond the N = 126 shell closure.

Another region with moderate dependence on β-decay

rates is the rare earth region found approximately be-

tween A = 140 and A = 180. These nuclei are influential

to kilonova due to high atomic opacities found among

the lanthanide series (Barnes & Kasen 2013; Kasen et al.

2015). The rare earth peak, located around mass num-

ber A ∼ 164, and particularly its left wing is found

to be sensitive to unmeasured β-decay rates. Relative

to masses, this is a weaker dependence, but notable

nonetheless as it points to the requirement of half-life

measurements in addition to precision mass measure-

ments to solve the origin of this peak (Kiss et al. 2022).

Different abundance predictions for neutron capture

models are shown in Figure 5. Unlike the previous cases

of masses and β-decay rates, we find the variation in

neutron capture rates to result in less variable r-process

patterns. This result stems from the astrophysical con-

ditions that arise in the disk ejecta. The bulk of disk

ejecta goes through prolonged periods of high temper-

ature and density, promoting a long duration (n,γ) ⇔
(γ, n) at early times during the synthesis of the ele-

ments. During equilibrium neutron capture rates do not

influence nucleosynthesis. This leaves only nuclei that

are populated in the course of the freeze-out phase of

the r-process (after the bulk of neutron capture have

occurred) capable of altering the pattern. Such nu-

clei reside much closer to stability than the maximal

r-process path which typically hits the neutron dripline
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Figure 6. Spread in the prediction of the isotopic (top)
and elemental (bottom) mass fractions using the nuclear
model variations described in the text. Mass variations tend
to dominate uncertainties (green) in the heavy mass region
(A ≳ 130) relative to β-decay (blue) and neutron capture
(red).

(Mumpower et al. 2012). Indeed, sensitivities to capture

rates found in the intermediate i-process nucleosynthesis

often overlap with sensitivities in the r-process (Surman

et al. 2014; Denissenkov et al. 2018; Vescovi et al. 2022).

It is instructive to compare the variance observed in

masses (Figure 2), β-decay (Figure 4), and neutron cap-

ture rates (Figure 5) in a more quantitative manner. We

first calculate the geometric mean of the mass fractions,

GM [X̄α(p)] = 1/n

√
X̄α

n (p) , (1)

where n is the number of variations performed (abun-

dance patterns) for the particular nuclear quantity

changed (denoted by α), X̄ is the final weighted mass

fraction at 1 Gyr and the argument p stands for either

the elemental (Z) or isotopic (A) pattern. Next, the

variance of the associated abundance patterns for a par-

ticular α may be compared on equal footing by consid-

ering the maximum and minimum relative uncertainty,

Uα(p) = max({X̄α
n (p)})/GM [X̄α(p)] , (2)

Lα(p) = min({X̄α
n (p)})/GM [X̄α(p)] . (3)

The upper relative uncertainty, Uα(p) is strictly greater

than or equal to the lower relative uncertainty, Lα(p).

Both quantities are always greater than zero, except in

the case where the variance in the models is exactly

zero, in which case Uα(p) = Lα(p) = 0. A measure of
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Figure 7. Spread in the prediction of elemental mass frac-
tions using the nuclear model variations described in the text
compared to the spread in abundances observed in metal-
poor, r-process enhanced stars (black points).

the spread in the variance of the abundances can thus

be obtained by computing

∆α(p) = Uα(p)− Lα(p) . (4)

We summarize the spread found in the 1 Gyr mass frac-

tions from the changing of masses, β-decay rates, and

neutron capture in Figure 6. The upper lines (Uα(p))

and lower lines (Lα(p)) are shown for each α while the

shaded region represents the spread, ∆α(p). As ex-

pected, the pattern is primarily dominated by differ-

ences in the predicted masses (green), with the largest

relative changes occurring in the second and third peak

regions.

What is noteworthy regarding Figure 6 is the rela-

tive contributions of β-decay rates and neutron capture

rates. For β-decay rates a strong dependence is found in

the peak regions of the pattern. Around the third peak

and lead regions, β-decay rate variations are comparable

to those of the masses Neutron capture rates are sub-

dominant for most of the heavy mass region, A ≳ 130, as

compared to the variations in the other two quantities.

The most prominent regions for neutron capture rates

are found in the weak r-process elements (A < 120) and

the wings on either side of the second and third peaks.

In the first instance, we find that capture rates are more

influential than masses. A roughly equal spread among

the three quantities considered here is found for the pro-

duction of long-lived actinides.

One may also compare the variety of predictions of

elemental abundance patterns to the range of abundance

patterns produced in nature. In particular, metal-poor

([Fe/H] < −2.0), r-process enhanced ([Eu/Fe] > +1.0)

stars provide an excellent source of observational data

points.

To this end, in Figure 7, we make this compari-

son. The colored regions show the range of abundance

patterns predictions emerging from theoretical masses

(green, dashed), neutron capture rates (red, solid), and

β-decay rates (blue, dotted). The black error bars show
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the range of abundances observed in those metal-poor,

r-process enhanced stars with measurements of actinide

abundances that include uranium (as in Lund et al.

(2023)). All values in Figure 7 are scaled such that

the central abundance value of Europium (Z=63) lies

at zero. As can be seen, the stellar error estimates are

similar in magnitude as those derived from the nuclear

physics.

It is clear from Figure 6 that a comprehensive investi-

gation of the properties of neutron-rich nuclei will be

required to reduce the present uncertainties in simu-

lated r-process patterns. Masses measurements alone,

half-life measurements alone, nor neutron capture rate

measurements alone will fully reduce these uncertain-

ties. This begs the question: which nuclei should be

prioritized to maximize the scientific insight into simu-

lations of r-nucleosynthesis? Nuclear sensitivity studies

performed over the past decade have sought to answer

this question by changing a single quantity for an indi-

vidual nucleus at a time. In what follows, we construct a

proof-of-concept study that includes correlations among

the participating nuclei.

Monte Carlo variations are ideal for this kind of study,

however, there are two immediate complications with

implementation. First, as previously mentioned, con-

temporary theoretical models do not provide uncer-

tainties associated with their predictions, prohibiting

model-based uncertainty propagation. Second, the nec-

essary computations at this time are computationally in-

tractable; recall that there are over 460,000 trajectories

in our simulation, each requiring variations of important

properties for thousands of participating nuclei. Such a

study in its entirety would require significant compu-

tational resources. Machine Learning and Artificial In-

telligence algorithms which can increase computational

efficacy while encapsulating correlations are well suited

for future studies in this regard.

To achieve a correlated study in an approximate man-

ner, we invoke the following procedure considering only

the mass variations. The four mass models provide a

range in each theoretical mass which can be encapsu-

lated by an average and standard deviation. By select-

ing one of the models, FRDM2012 in this case, we can

construct the deviations from the average. The enu-

meration of nuclei (nucleus index) is arbitrary. Simi-

larly, the spread in the associated abundance patterns

for these models can be described by an average and

standard deviation, using the FRDM2012 abundances

for comparison. To simplify the analysis, we take only

nuclei between A = 110 and A = 150, and look at their

corresponding change in Y (A). Correlations of course

exist in Y (Z) and Y (Z,A) for that matter in any mass

range.

We now evaluate the relationship between these two

variables by computing a cross correlation matrix. The

matrix is computed using the averages and standard de-

viations previously mentioned,

C =
E(M − µM )(Y − µY )

σMσY
, (5)

with M representing FRDM2012 masses and Y

FRDM2012 abundances. The matrix is not square-

shaped, as there are many more nuclei than abundance

points. This matrix describes how the deviation of

FRDM2012 masses from the averaged set produces a

change the simulated abundances.

Figure 8 summarizes this correlation between the

masses and abundances. In the top panel, nuclei are

indexed in increasing order of values of (Z,A) on the

X-axis. The Y-axis expresses the masses, A, associated

with each Y (A) in increasing order. When weaker corre-

lation exists, the element of the matrix is colored more

white. Stronger correlations, either positive or nega-

tive, between masses and the simulated abundances are

shown in blue and red respectively.

One way to interpret the top panel of this figure is

to consider a single row. A row is representative of the

chart of nuclides and indicates how the subset of nuclei

in the network influence a fixed Y (A). Due to the local

nature of the problem, nuclei that have given mass val-

ues will be correlated with similarly valued Y (A) points.

The strength of this correlation is called the covariance,

and it is the value most relevant for low-energy nuclear

experiments.

One may also consider a column in this matrix. The

sum of the squares of the correlations along a column
are illustrated in the bottom panel of Fig. 8. This met-

ric highlights the deviation of the FRDM masses from

the mean. Since our goal here is a proof-of-concept in-

vestigation, we leave the calculation of the covariance to

future work.

A checkerboard pattern is to be expected for the cor-

relation matrix, as some mass changes will positively

correlate with certain mass regions and negatively with

others. It is also instructive to note that the correlation

matrix shown here is a single snapshot in time. As a

function of time, especially early on in the creation of

the elements, the correlations may change as the nucle-

osynthesis wave passes through heavy species altering its

composition. A covariance matrix would be even more

notable in this regard.

4. CONCLUSION
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Figure 8. Top panel: Correlation of a subset of nuclei in the reaction network (only considering variation among mass models)
with the final isotopic abundance pattern between A = 110 and A = 150 at 1 Gyr calculated with Eqn. 5. Bottom panel:
Squared correlations summed in A, i.e., the sum of the squares of each column of the top panel.

We have simulated nucleosynthesis of a neutron-star

black-hole accretion disk with select nuclear models. We

find that differences in the final abundances persist even

after considering the weighted summation of 460,000

component trajectories, showing that nuclear uncertain-

ties remain a substantial challenge to accurately pre-

dicting the outcome of r-process nucleosynthesis simu-

lations.

We have considered variations in ground state binding

energies (masses), β-decay rates, and neutron capture

rates. Overall, abundance variations are found to be

most influenced by masses, in agreement with well es-

tablished work over the past several decades. However,

we find specific regions are sensitive to β-decay rates

and radiative capture rates, on par with or exceeding,

the sensitivity of masses. Moving forward, more em-

phasis must be placed on creating a complete picture of

short-lived neutron-rich nuclei that participate in the r

process, rather than the isolation of individual proper-

ties, as has been a focal point of past sensitivity analysis.

Fragmentation facilities and establishments that are

capable of multi-nucleon transfer reactions will be essen-

tial in filling in the gaps in presently unmeasured nuclear

properties (Loveland 2019). While these modern exper-

imental efforts ramp up operation, it is critical that the

community be cognizant of the importance of contin-

ual improvement and refinement of sensitivity analysis

as more advances are made in modern simulations. A

concerted effort in this regard will simultaneously op-

timize the scientific impact of upcoming measurements

for both nuclear physics and astrophysics.
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Nuclear Data Sheets, 110, 3107,

doi: https://doi.org/10.1016/j.nds.2009.10.004

Clark, J., Savard, G., Mumpower, M., & Kankainen, A.

2023, Eur. Phys. J. A, 59, 204,

doi: 10.1140/epja/s10050-023-01037-0
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Möller, P., Sierk, A., Ichikawa, T., & Sagawa, H. 2016,

Atomic Data and Nuclear Data Tables, 109-110, 1,

doi: 10.1016/j.adt.2015.10.002

Ney, E. M., Engel, J., Li, T., & Schunck, N. 2020, Phys.

Rev. C, 102, 034326, doi: 10.1103/PhysRevC.102.034326

Orford, R., Vassh, N., Clark, J. A., et al. 2022, PhRvC,

105, L052802, doi: 10.1103/PhysRevC.105.L052802

Panov, I., Lutostansky, Y., & Thielemann, F.-K. 2016,

Nuclear Physics A, 947, 1,

doi: https://doi.org/10.1016/j.nuclphysa.2015.12.001

Panov, I. V. 2023, Physics of Particles and Nuclei, 54, 660,

doi: 10.1134/S1063779623040251

Panov, I. V., Korneev, I. Y., Rauscher, T., et al. 2010,

A&A, 513, A61, doi: 10.1051/0004-6361/200911967

Panov, I. V., & Thielemann, F. K. 2003, Astronomy

Letters, 29, 510, doi: 10.1134/1.1598233

Sprouse, T. M., Lund, K. A., Miller, J. M., McLaughlin,

G. C., & Mumpower, M. R. 2024, ApJ, 962, 79,

doi: 10.3847/1538-4357/ad1819

Sprouse, T. M., Mumpower, M. R., & Surman, R. 2021,

PhRvC, 104, 015803, doi: 10.1103/PhysRevC.104.015803

Surman, R., Mumpower, M., Sinclair, R., et al. 2014, AIP

Advances, 4, 041008, doi: 10.1063/1.4867191

Tang, T. L., Kay, B. P., Hoffman, C. R., et al. 2020,

PhRvL, 124, 062502,

doi: 10.1103/PhysRevLett.124.062502

Vassh, N., McLaughlin, G. C., Mumpower, M. R., &

Surman, R. 2022, arXiv e-prints, arXiv:2202.09437,

doi: 10.48550/arXiv.2202.09437

Vassh, N., Mumpower, M., Sprouse, T., Surman, R., &

Vogt, R. 2020a, in European Physical Journal Web of

Conferences, Vol. 242, European Physical Journal Web of

Conferences, 04002, doi: 10.1051/epjconf/202024204002

Vassh, N., Mumpower, M. R., McLaughlin, G. C., Sprouse,

T. M., & Surman, R. 2020b, ApJ, 896, 28,

doi: 10.3847/1538-4357/ab91a9

Vassh, N., Wang, X., Larivière, M., et al. 2024, PhRvL,

132, 052701, doi: 10.1103/PhysRevLett.132.052701

Vescovi, D., Reifarth, R., Cristallo, S., & Couture, A. 2022,

Frontiers in Astronomy and Space Sciences, 9,

doi: 10.3389/fspas.2022.994980

Vilen, M., Kelly, J. M., Kankainen, A., et al. 2020, PhRvC,

101, 034312, doi: 10.1103/PhysRevC.101.034312

Wanajo, S., & Ishimaru, Y. 2005, in From Lithium to

Uranium: Elemental Tracers of Early Cosmic Evolution,

ed. V. Hill, P. Francois, & F. Primas, Vol. 228, 435–438,

doi: 10.1017/S1743921305006174

Wang, M., Huang, W., Kondev, F., Audi, G., & Naimi, S.

2021, Chinese Physics C, 45, 030003,

doi: 10.1088/1674-1137/abddaf

Wang, X., N3AS Collaboration, Vassh, N., et al. 2020,

ApJL, 903, L3, doi: 10.3847/2041-8213/abbe18

Zhu, Y. L., Lund, K. A., Barnes, J., et al. 2021, ApJ, 906,

94, doi: 10.3847/1538-4357/abc69e

http://doi.org/10.1140/epja/s10050-023-00987-9
http://doi.org/https://doi.org/10.1016/j.ppnp.2007.01.018
http://doi.org/10.1146/annurev.aa.32.090194.001101
http://doi.org/10.1103/PhysRevC.104.044321
http://doi.org/10.3847/2041-8213/abfb74
http://doi.org/10.1016/j.adt.2018.03.003
http://doi.org/10.1103/PhysRevLett.108.052501
http://doi.org/10.1103/PhysRevC.67.055802
http://doi.org/10.1103/PhysRevC.94.064317
http://doi.org/10.1103/PhysRevC.106.065805
http://doi.org/10.3847/1538-4357/aaeaca
http://doi.org/10.1103/PhysRevC.96.024612
http://doi.org/10.1103/PhysRevC.86.035803
http://doi.org/10.1103/PhysRevC.92.035807
http://doi.org/10.1016/j.ppnp.2015.09.001
http://doi.org/10.1016/j.adt.2015.10.002
http://doi.org/10.1103/PhysRevC.102.034326
http://doi.org/10.1103/PhysRevC.105.L052802
http://doi.org/https://doi.org/10.1016/j.nuclphysa.2015.12.001
http://doi.org/10.1134/S1063779623040251
http://doi.org/10.1051/0004-6361/200911967
http://doi.org/10.1134/1.1598233
http://doi.org/10.3847/1538-4357/ad1819
http://doi.org/10.1103/PhysRevC.104.015803
http://doi.org/10.1063/1.4867191
http://doi.org/10.1103/PhysRevLett.124.062502
http://doi.org/10.48550/arXiv.2202.09437
http://doi.org/10.1051/epjconf/202024204002
http://doi.org/10.3847/1538-4357/ab91a9
http://doi.org/10.1103/PhysRevLett.132.052701
http://doi.org/10.3389/fspas.2022.994980
http://doi.org/10.1103/PhysRevC.101.034312
http://doi.org/10.1017/S1743921305006174
http://doi.org/10.1088/1674-1137/abddaf
http://doi.org/10.3847/2041-8213/abbe18
http://doi.org/10.3847/1538-4357/abc69e

	Introduction
	Methods
	Results
	Conclusion

